Abstract This phase II study was designed to determine the objective response rate and 6-month progression free survival of adult patients with recurrent supratentorial anaplastic glioma when treated with the immune modulator, polyinosinic-polycytidylic acid stabilized with polylysine and carboxymethylcellulose (poly-ICLC). This was an open-labeled, single arm phase II study. Patients were treated with poly-ICLC alone. Patients may have had treatment for no more than two prior relapses. Treatment with poly-ICLC continued until tumor progression. Fifty five patients were enrolled in the study. Ten were ineligible after central review of pathology. Eleven percent of patients (5 of 45) had a radiographic response. Time to progression was known for 39 patients and 6 remain on treatment. The estimated 6-month progression free survival was 24%. The median survival time was 43 weeks. Poly-ICLC was well tolerated, but there was no improvement in 6-month progression free survival compared to historical database nor was there an encouraging objective radiographic response rate. Based on this study, poly-ICLC does not improve 6moPFS in patients with recurrent anaplastic gliomas but may be worth further study in combination with agents such as temozolomide.
astrocytoma (AA), anaplastic oligodendroglioma (AO), and anaplastic mixed oligoastrocytoma (AMO). These tumors are challenging to treat and associated with a high degree of morbidity and mortality. Due in part to the rarity of anaplastic gliomas, there are few studies that specifically address their treatment at diagnosis or recurrence. Instead, most prior studies combined both WHO grades III and IV and treatment conclusions are extrapolated or inferred from the treatment of ''high-grade'' or ''malignant'' glioma rather than explicitly from the treatment of grade III gliomas [1, 2] .
Based on the randomized data available, the post surgical treatment and treatment at recurrence of AG remains unsatisfactory. Post resection radiation therapy increases median survival for patients and there appears only to be a modest benefit with the use of nitrosourea based, adjuvant chemotherapy [3] [4] [5] [6] [7] . Chemotherapy is commonly prescribed to patients with recurrent AGs and chief among the agents used in this setting is temozolomide (TMZ) although to date there are no phase III data demonstrating the superiority of TMZ over other cytotoxic agents [8] . Because of these imprecise and limited results, continuous efforts are ongoing to develop more novel, effective agents or combinations of agents that may improve overall survival or prolong time to progression for patients with AG. One such novel agent and one that modulates the immune system is polyinosinic-polycytidylic acid stabilized with polylysine and carboxymethylcellulose (poly-ICLC).
Poly-ICLC is a double-stranded RNA (dsRNA) previously utilized as an interferon inducer and immune modulating agent at high doses (up to 300 mcg/kg IV) in clinical cancer trials. These trials were based on preclinical evidence that poly-ICLC possessed anti-neoplastic activity, including in glioma cell lines. In clinical studies the antitumor effect was thought due to induction of interferon and an interferon-independent generation of a pervasive immune enhancing effect which involved an increased antibody response to antigen and activation of natural killer cells, T-cells, macrophages, and cytokines [9] [10] [11] [12] [13] [14] . These original trials showed varied results with considerable toxicity and the use of poly-ICLC was by and large discarded when interferons became available via recombinant DNA technology [15] [16] [17] [18] [19] [20] . However, ensuing studies demonstrated that low dose (10-50 mcg/kg) poly-ICLC resulted in less toxicity and a broader host defense stimulation, including activation of myeloid dendritic cells via Toll-like receptor 3 (TLR3) as well as induction of a mix of interferons, cytokines, and chemokines. The host defense stimulation also resulted in an antiviral and antiproliferative effect mediated by activation of interferon-inducible dsRNA-dependent enzyme systems which regulate such cell functions as protein synthesis, proliferation, and apoptosis [15] [16] [17] [18] [19] [20] [21] [22] .
The enzyme systems thought to be activated by poly-ICLC are 2 0 5 0 oligoadenylate sythetase (OAS), protein kinase R (PKR), the RIG-1 helicase, and melanoma differentiation associated gene-5 (MDA5) [23, 24] . The immunostimulatory and marked vaccine adjuvant actions of dsRNAs have come into focus in more recent preclinical and clinical studies demonstrating the mix of interferons, cytokines and chemokines that they induce and the critical immune role of pattern recognition receptors such as the tolllike receptors (TLR). In particular, TLR3, which responds to dsRNAs such as poly-ICLC, is found on astrocytes, respiratory epithelium and myeloid dendritic cells, which in turn mediate a Th1 cellular immune response that appears more suited to antiviral and antineoplastic action. When presented along with antigen, poly-ICLC markedly enhances both induction of tumor-specific cytotoxic lymphocytes (CTL) as well as targeting and infiltration of those CTL into gliomas. Enhanced targeting appears related to induction of chemokine expression at the tumor site as well as to the expression of TLR3 on astrocytes [25] .
A pilot study of poly-ICLC in patients with newly diagnosed or recurrent GBM or AA, treated 38 patients (11 newly diagnosed AAs, 18 newly diagnosed GBMs, with the remaining 9 patients either recurrent AA or GBM) with poly-ICLC at 10-50 mcg/kg, administered intramuscularly one to three times weekly [24] . Twenty of 38 patients (10 of 11 newly diagnosed AAs) also received at least one cycle of concurrent CCNU at 120 mg/m 2 once every 6 weeks including 10 of 11 newly diagnosed patients with AA. Sixty six percent of patients (including all AAs) receiving at least twice-weekly poly-ICLC showed regression or stabilization of gadolinium enhancing tumor volume on MRI for at least 6 months. Only 2 of the 11 newly diagnosed AA patients subsequently showed tumor progression while on poly-ICLC. These same 11 patients with newly diagnosed AAs had a median progression-free survival of 77 months from diagnosis and a median survival of 102 months which compares favorably to previously published studies [2, 6, 26] . Fundamentally, this pilot study demonstrated the safety and tolerability of long-term, low-dose intramuscularly administered poly-ICLC in patients with malignant glioma at a potentially beneficial dose range of 20 mcg/kg administered two to three times weekly. This pilot study also provided encouraging results for both AA and GBM though it was too small and the patients too heterogeneous to provide a reliable evidence of efficacy.
Based on this background information, we designed this phase II trial with the dual primary objectives of (1) determining whether poly-ICLC can produce a significant, objective radiographic response rate and (2) improve the 6-month progression free survival in patients with recurrent anaplastic glioma. The tolerance and toxicity of low-dose poly-ICLC has been described in previous studies but a secondary objective of this trial was to determine the toxicity of poly-ICLC in this patient population.
Materials and methods

Patient eligibility
Patients who were at least 18 years of age with a histologically confirmed, anaplastic glioma (AA, AO, or AMO) were eligible. Pathological material was centrally reviewed and met criteria to be classified as World Health Organization grade III glioma. Patients were also eligible if the original histology was low grade glioma and a subsequent histological diagnosis of an anaplastic glioma was made. Additionally, patients must have shown unequivocal evidence for tumor recurrence by MRI or CT scan performed within 14 days prior to registration and on a steroid dosage that had been stable for at least 5 days.
Eligible patients must have had prior radiation therapy and must have an interval of greater than or equal to 4 weeks from the completion of radiation therapy to study entry. Patients with prior therapy that included interstitial brachytherapy or stereotactic radiosurgery required confirmation of true progressive disease rather than radiation necrosis based upon either PET or Thallium scanning, MR spectroscopy or surgical documentation of disease.
Eligible patients may have had treatment for no more than two prior relapses. Relapse was defined as progression following initial therapy (i.e. radiation ± chemotherapy if that was used as initial therapy). The intent therefore was that patients may have had up to three prior therapies (initial therapy and treatment for two relapses). For patients who had prior therapy for a low-grade glioma, the surgical diagnosis of WHO grade III glioma was considered the first relapse.
Patients were required to have a Karnofsky Performance Score (KPS) status of C60 and an estimated survival time of greater than 8 weeks. Patients were also required to have appropriate hematological, renal, and hepatic status. No patients were pregnant or nursing. All patients were willing to practice birth control during and for 2 months after treatment. Each patient had recovered from the effects of surgery before entry into the study. All patients or their designated surrogates signed a consent form approved by the participating institution's review board.
Study design
This was a single arm, open-labeled, phase II study. All patients were evaluated for toxicity (including those later judged ineligible), radiographic response to therapy, 6-month progression free survival, and survival. A combination of standard neurological examination and neuroimaging was used to define overall response or progression [27] . Pathology was centrally reviewed. Clinical and radiological assessments of disease status were performed every 8 weeks. Imaging was assessed by the treating physician starting 8 weeks following therapy initiation and at 8 week intervals thereafter. Patients achieving 6 months of progression free survival or deemed to have a partial or complete response on imaging were centrally reviewed.
Transient enlargement of contrast enhancing tumor with subsequent shrinkage has been reported during poly-ICLC treatment. Because of this possibility of ''pseudoprogression,'' the treating physician and patient had the option of continuing treatment if a patient had progressive disease by conventional definition; however, for the sake of statistical analysis the official progression date was defined as the initial MRI which demonstrated an enlargement of contrast enhancing disease. If patients continued on poly-ICLC on the premise of pseudo-progression the protocol further defined imaging criteria for radiological progression under which the patient was definitively discontinued from treatment (see Table 1 for criteria).
Immunotherapy
Poly-ICLC was given at a dose of 20 mcg/kg three times weekly by intramuscular injection in 4 week cycles. The days of administration were at least 2 days apart (i.e., usually a Monday-Wednesday-Friday schedule). Poly-ICLC Table 1 Radiological criteria for unacceptable progression Transient enlargement of enhancing disease with subsequent shrinkage has been reported during poly-ICLC treatment. Because of this, if the patient has progressive disease by the conventional definition (C25% increase in the sum of products of all measurable lesions over the smallest sum observed using the same techniques as baseline or appearance of any new lesion/site) but does not have unacceptable progression by the definitions below, the treating physician and patient have the options of continuing poly-ICLC treatment on this protocol or of discontinuing treatment could be administered at any time of day, but it was recommended that each patient choose a consistent time for administration. The initial dose of poly-ICLC was administered in the presence of a physician or nurse who monitored the patient for at least 30 min after injection, including a determination of blood pressure, heart rate, and respiratory rate before and after injection. Patients were trained on the proper method for storing, preparing, and administering poly-ICLC and administered their own doses thereafter. Acetaminophen was used to treat fever or flu-like side effects of poly-ICLC. Patients were pretreated with acetaminophen as warranted by side effects at the discretion of the local investigator. Such pretreatment was recorded in the treatment diary. For fever, arthralgias, or myalgias of grade 2 or greater, poly-ICLC was discontinued for at least one dose. When symptoms returned to grade 0, poly-ICLC was resumed at 50% of the original dose. If further dosing was well tolerated, the original dose was subsequently reinstituted at the discretion of the investigator. All dose changes were recorded in the treatment diary. Corticosteroids were used in the smallest dose to control symptoms of cerebral edema, mass effect, and fatigue, and were discontinued if possible. Anti-seizure medications were used as indicated and patients were not stratified based on the use of enzyme-inducing anti-epileptic drugs.
Statistical methods and considerations
This study was initially designed with a primary endpoint of 6 month progression free survival (6moPFS). The results were to be compared with appropriately matched historical controls. The historical values were from a database of 150 recurrent AG patients enrolled in eight previous phase II studies (in which none of the treatments were considered particularly effective). The proportion of AG patients remaining alive and free from progression at 6 months in the historical data was 31% [28] . The current trial was designed to have a greater than 90% probability of declaring failure if the true 6moPFS was 30% and over 90% probability of success if the true success rate were 50%. The study was to utilize a 2-stage design. At the end of the first stage (22 patients) the study did not meet the PFS success rate required to continue. However some objective responses were observed (see Fig. 1 for an example) and because poly-ICLC was very well-tolerated, it was decided to continue the trial to the original maximum target enrollment of 46 patients to better estimate this response rate. When this protocol change was implemented the primary focus of the analysis was changed to one of estimation. Response rates with exact confidence intervals were calculated. Kaplan Meier curves were used to estimate PFS and survival measured from time of study registration.
Results
From 7/14/2003 to 12/19/2005 55 patients were enrolled in the study. The study was intended to have 46 patients. Additional patients were added because on central pathology review 9 of these patients had glioblastoma. Following closure of the study it was determined that 1 additional patient was ineligible; this patient had more than three prior treatments for relapse. Toxicity was recorded for those patients who were deemed ineligible and did not differ from eligible patients. Patient characteristics for the 45 eligible patients are shown in Table 2 .
Poly-ICLC was well-tolerated with little toxicity. There were the expected mild to moderate toxicities related to fatigue and the most common toxicity encountered was mild, temporary soreness at the injection site. Of all the events deemed to be possibly, probably, or definitely related to the therapy, most are grade 2 or less. No patients Table 3 . At the time of this analysis, 32 of 45 patients had died and 6 patients remain on treatment (see Table 4 ). Response to therapy as assessed on imaging and progression free survival data was known for all 45 eligible patients.
Out of 45 patients, 5 had partial radiographic responses, 18 had stable disease, and 22 had progressive disease as their best response for an estimated objective response rate of 11% (95% CI 0.04-0.24). Eleven of 45 patients remained progression free at 6 months thus the estimated 6-month progression free survival was 24%. The median survival time is 43 weeks (95% CI 27.4-106 weeks).
Survival time was known for all 45 patients and 13 were censored as they were alive at last contact.
Despite the concern that transient enlargement of contrast enhancing tumor with subsequent shrinkage had been seen during poly-ICLC treatment, no patients on this study were continued on poly-ICLC past the initial MRI which indicated enlargement of contrast enhancing areas thought to be tumor growth.
Discussion
Given the possible activity in AG, we treated patients with multiply recurrent AG with poly-ICLC in the hope that this treatment would elicit positive radiographic responses and improve 6moPFS while having minimal toxicity. Poly-ICLC was very well-tolerated. Fatigue, myalgia and pain at the injection site were the main adverse events. These events were not substantially different from the toxicities seen in the pilot trial which used poly-ICLC in high-grade glioma patients; nor were these events different from a recent trial in which newly diagnosed GBM patients were treated with poly-ICLC [29] . No patients went off-study because of toxicity.
The 6moPFS for this study was 24% which is similar to the 6moPFS of 31% from a study performed by Wong et al. which pooled the results of eight consecutive, negative phase II trials in patients with recurrent grade III astrocytomas [28] . A recent NABTC publication, which evaluated the importance of PFS as an end point in glioma studies, analyzed over 100 recurrent AG patients treated on phase II studies and found a 6moPFS of 47% for patients treated with TMZ versus 17% for similar patients treated as part of trials which did not include TMZ [30] . A study by Yung and colleagues gave TMZ to patients with AA or AMO, but at first relapse only, which resulted in a 6moPFS of 46% [8] . The difference between these studies is that Yung et al. only enrolled patients at first relapse while the Wong et al. and NABTC studies, similar to the present study, involved patients who had multiple relapses. As it is widely held that results for patients with multiple failures (more than two prior surgeries or chemotherapies) generally result in poorer outcome it is not unexpected that the Yung et al. study yielded superior results. This point raises the interesting possibility that the use of poly-ICLC at initial diagnosis or first recurrence for patients with AG may produce improved results which more closely resemble the results of the pilot study of poly-ICLC in which patients with newly diagnosed AA had a PFS of 77 months. An equally important point to consider is that the pilot study also allowed the use of combination CCNU chemotherapy in 10 of 11 newly diagnosed patients with AA which likely influenced results. Given the more favorable toxicity profile of TMZ compared with CCNU it would be of interest to study the combination of TMZ and poly-ICLC in patients with newly diagnosed AG or at first relapse. In fact, the New Approaches to Brain Tumor Therapy (NABTT) Consortium has an ongoing Phase II trial of RT plus TMZ followed by adjuvant TMZ and poly-ICLC in patients with newly diagnosed GBM (see http://www.nabtt.org/protocols/poly.htm). A similar trial in AG patients would be of interest.
The radiographic response of 11% in this study is not a particularly favorable result. However, there is no accepted benchmark for comparison for radiographic response. Eleven percent may not be encouraging as an indication of further study but objective radiographic response is rare in brain tumor studies and is an imprecise method of estimating efficacy especially when one considers that of the 6 patients who remain on treatment only 2 had a PR. Moreover, despite the possibility of transient enlargement of enhancing tumor caused by poly-ICLC, no patients on this study were continued on poly-ICLC past the initial MRI which indicated enlargement of contrast enhancing area; thus it is possible that some patients were prematurely discontinued from treatment. Also, most of the patients on this trial did not have surgical debulking prior to enrollment which arguably may make them even more susceptible to the possible inflammatory actions of poly-ICLC. This insight should be taken into consideration with the design of future immunotherapy in glioma patients. At a minimum, this difficulty also raises the question of whether PFS based on subjective interpretation of anatomic imaging should be used as an endpoint in evaluating outcome for such immunotherapies used in this patient population.
The aforementioned NABTC publication, which evaluated the importance of PFS as an end point, demonstrated a median survival of 52 weeks for recurrent AG patients treated with TMZ and 36 weeks for those not treated with TMZ. The median survival for this study is a comparable 43 weeks. The median survival in the Yung et al. study was 59 weeks which is superior to 43 weeks but derives itself from a patient population treated only at first relapse. Again, treatment at initial diagnosis or even first relapse with poly-ICLC, possibly in combination with TMZ, may render better results.
Limitations of this single-arm phase II study design include that it accrued a relatively small and heterogeneous patient population both in terms of number of relapses and differing histologies (AA may behave differently than AO or AMO). Another limitation is the potential for selection bias (young median age, high functional status) that may render more positive results; however, these variables were accounted for in the statistical analysis.
Conclusion
We report the results of a novel agent poly-ICLC for patients with recurrent AG. The therapy was relatively well tolerated, with the expected toxicities of fatigue, myalgia, and pain at the injection site. A radiographic response of 11% and 6moPFS of 24% are not encouraging of further study of single agent poly-ICLC in patients with multiply recurrent AG. However, based on the positive results of the original poly-ICLC pilot study in newly diagnosed AA and the potential efficacy of TMZ in this patient population, the combined use of poly-ICLC with TMZ presents interesting and relatively non-toxic possibilities for future investigations. 
